The effect of tumor-promoting phorbol esters on the in vitro proliferation of mouse pluripotent hematopoietic stem cells (CFU-S) was examined using a short-term in vitro culture system and an 11-d spleen colony assay. Phorbol myristate acetate (PMA, 10-7 M), but not the inert compound phorbol, supported the in vitro survival of day 11 CFU-S for 72 h in a manner similar to IL 3. PMA also enhanced the effect of IL 3 on the in vitro survival of day 11 CFU-S and as little as 1 h of exposure to PMA was sufficient for this purpose. The effect of PMA on CFU-S survival in vitro was not mediated by prostaglandins, did not require an established adherent cell population, and was observed at a concentration of 10-M. PMA alone did not enhance the in vitro survival of day 11 CFU-S at very low concentrations of FCS but was still able to potentiate the effect of IL 3 on these cells. PMA also enhanced the in vitro survival of day 11 CFU-S from mice treated with 5-fluorouracil or from marrow cells exposed to merocyanine 540 and light. The interaction of PMA with day 11 CFU-S was not inhibited by a neutralizing antiserum to IL 3 but was inhibited by the protein kinase inhibitor H-7. Together, the data indicate that tumor-promoting phorbol esters interact with pluripotent hematopoietic stem cells. Like IL 3, their effect appears to be permissive and involves stem cells with marrow repopulating ability.
Introduction
The progenitor cells responsible for maintaining the marrow pools of mature hematopoietic cells are organized in a hierarchy according to their capacity for self-renewal and lineagespecific differentiation (1) . The most primitive stem cells maintain the capacity for self-renewal and differentiation to multipotential colony-forming cells. The latter have a restricted capacity for self-replication but are capable of differentiation along multiple pathways. Subsequently, with successive maturation, the commitment to differentiation becomes restricted to one particular pathway.
At each level of commitment, the proliferation and differentiation of hematopoietic progenitor cells are regulated by specific proteins whose target cell specificity may be broad as in the case of IL 3 (2) or granulocyte-macrophage colony-stimulating factor (GM-CSF)' (3), or restricted, as in the case of erythropoietin (4) or colony-stimulating factor 1 (CSF-1) (5). Whereas most ofthese hematopoietic regulatory proteins have been purified and molecularly cloned, the mechanisms whereby they interact with their target cells are generally unknown. This is mainly because of the difficulties involved in obtaining pure populations of physiologic target cells in adequate quantities for biochemical studies. An alternate approach to this issue is to use biologic response modifiers of known structure and function in conjunction with the regulatory factor of interest and a clonal assay specific for the particular target cell population.
Tumor-promoting phorbol esters are a well-defined group of biologic response modifiers that influence the proliferation and differentiation of a wide variety of cell types, including hematopoietic progenitor cells (6) (7) (8) (9) . Indeed, the range of known target cell interactions for the phorbol esters amongst hematopoietic progenitor cells is similar to that of IL 3, suggesting that both of these agents may interact with such cells through similar mechanisms. We and others have recently demonstrated that IL 3 promotes the in vitro proliferation of pluripotent hematopoietic stem cells (CFU-S) (2, (10) (11) (12) . In this report, we describe the effect of tumor-promoting phorbol esters on CFU-S survival in vitro and the interaction of these agents with IL 3. Our data indicate that tumor-promoting phorbol esters not only enhance the effects of IL 3 on CFU-S proliferation in vitro in a dose-dependent fashion, but also promote the survival of CFU-S in vitro in the absence of the lymphokine.
Methods
Animals. B6D2F1 mice, 6-10 w old (Jackson Laboratories, Bar Harbor, ME) were housed in sterile cages in groups of five from the time of delivery until killing and received standard mouse chow and acidified water ad lib.
Cell culture studies. Mice were killed by cervical dislocation and marrow cells were flushed from the femurs with 10 mM Hepes-buffered RPMI 1640 medium, (Gibco Laboratories, Grand Island, NY) and 10% FCS, (Sterile Systems, Logan, UT) into sterile polystyrene tubes and dispersed into single cells by repeated aspiration through a 22-gauge needle. The cell suspension was centrifuged at 400 g for 5 min at room temperature and resuspended at a concentration of 1 X 106 cells/ml in Hepes-buffered RPMI medium and 10% FCS. 5 ml of the 1. Abbreviations used in this paper: CFU-S, spleen colony-forming units; 5-FU, 5-fluorouracil; GM-CSF, granulocyte-macrophage colony stimulating factor; MC 540, merocyanine 540; PDBu, phorbol 11, 12 dibutyrate.
cell suspension was placed in either capped polystrene tubes for shortterm incubation or 30-ml flat-bottomed flasks (Corning Glass Works, Corning, NY) at 37TC in a humidified air/5% CO2 atmosphere with or without IL 3 or phorbol esters or other agents. At selected times, nonadherent cells were harvested from the culture medium by centrifugation at 400 g for 5 min at room temperature while adherent cells were collected by incubating the culture dishes with 0.05% trypsin and 0.5 mM EDTA for 10-15 min, after which the dishes were scraped with a rubber policeman. The cells were washed once and resuspended in Hepes-buffered RPMI medium and 10% FCS. Cell number was determined visually in a hemocytometer and viability was evaluated by trypan blue exclusion.
Spleen colony assay. CFU-S were assayed by the method ofTill and McCulloch (13) as previously described (10) . Briefly, syngeneic recipient mice were exposed to a lethal (1,050 rad) dose of whole body irradiation from a '37Cesium source (dose rate 126 rad/min, gamma cell 40, Atomic Energy of Canada, Ottawa, Canada). 4 h later, 10 irradiated mice were injected with 2 X 104 viable nucleated marrow cells in 0.2 ml Hepes-buffered RPMI medium and 10% FCS. 11 d after injection, the mice were killed by cervical dislocation and their spleens were excised, immersed in Carnoy's solution, and after 24 h transferred to absolute ethanol. 1 I d was chosen because spleen colonies present at day I I have been found to contain primitive hematopoietic progenitor cells (14) . Surface colonies were counted under low magnification (2) (18) .
Results
When mouse marrow cells were incubated in vitro in RPMI medium and 10% FCS, there was a gradual and progressive decline in total cell number that was not influenced by the presence of the inert compound phorbol at a concentration of 10-7 M (Fig. 1) . When either IL 3 at a concentration of 20 U/ml or the tumor promoter phorbol myristate acetate (PMA, 10-7 M) was added at the start of the incubation, the initial decline in total cell number was more marked over the first 24 h than in the control cultures (P < 0.001), but thereafter the number of cells per flask reached a plateau that remained constant for PMA for up to 144 h of culture; for IL 3, as we have previously reported (10) , cell number began to increase after 96 h of culture.
The survival ofCFU-S in vitro, like committed hematopoietic cells, is limited in the absence ofspecific growth factors. As shown in Table I enhanced the in vitro survival of day I1 CFU-S over a 72-h period to an extent similar to IL 3, whereas the inert compound phorbol had no effect.
We have previously observed that under the culture conditions used, IL 3 promoted the in vitro proliferation of day 11 CFU-S only in the nonadherent population of the cultured marrow cells (10) . When marrow cells cultured in the presence of 1-0 M PMA for 72 h were assayed separately for day 11 CFU-S as adherent and nonadherent cell populations, on average less than one colony per spleen was recovered from the adherent cell population, a frequency not different from that obtained for endogenous spleen colony formation. Fig. 2 illustrates the effect of 10-' M PMA on the in vitro survival of nonadherent day 11 CFU-S during an exposure period of 144 h as compared with 20 U/ml IL 3 or no additives. Although the number of CFU-S declined over the initial 48 h of culture, the decline was less in the presence ofeither IL 3 or PMA than when neither was present. By 72 h, in cultures containing IL 3 or PMA, the number of day 11 CFU-S recovered began to increase, but this increase was not sustained for PMA as it was for IL 3. The inert compound phorbol did not promote the survival of day 11 CFU-S during the same period of exposure, since on average, only 77 CFU-S per 106 marrow cells were recovered in the presence of this agent, a quantity not greater than that obtained in its absence. To determine if PMA enhanced the proliferation of day 11 CFU-S exposed to IL 3, we incubated mouse marrow cells for 24, 48, or 72 h with varying concentrations of IL 3 in the presence or absence of 10-M PMA. As shown in Fig. 3 , PMA enhanced the effect of IL 3 on the in vitro proliferation of day 11 CFU-S but did not prevent the expected decline in day 11 CFU-S over the first 48 h of culture (Fig. 2) . Furthermore, the enhancement of CFU-S proliferation in vitro by PMA was apparent only at a concentration of 2 or 20 U/ml of IL 3 over the initial 48 h of culture and thereafter consistently only at 20 U/ml of IL 3.
Although PMA at a concentration of l0-7 M or less failed to consistently enhance the in vitro proliferation of day 11 CFU-S exposed to IL 3 at concentrations < 20 U/ml, such enhancement was observed over 72 h of incubation with 10-6 M PMA for concentrations of IL 3 > 0.2 U/ml (Fig. 4) . Indeed, from repeated experiments, the threshold concentration of IL 3 for which a response to PMA was observed was 2.0 U/ml.
As little as 1 h of exposure to IL 3 was sufficient to promote the in vitro survival of day 11 CFU-S for 96 h (10) but expo- (Table II) . Because PMA is lipophilic and not likely to be removed from its target cells by washing, we examined the effect of phorbol 12,13 dibutyrate (PDBu), which is less lipophilic than PMA. As shown in Table II , as little as 1 h of exposure to this phorbol ester also enhanced the effect of IL 3 on the in vitro proliferation of day 1 CFU-S.
To determine the role of FCS in the interaction of phorbol esters and IL 3 on the in vitro survival of day 11 CFU-S, we examined the effect of varying the concentration of FCS. As shown in Table III , at very low concentrations of FCS, PMA alone, in contrast to IL 3, failed to enhance the in vitro survival of day 11 CFU-S. However, PMA was still able to potentiate the effect of IL 3 and potentiation was observed even when the concentration of FCS was increased to 30%.
Tumor-promoting phorbol esters stimulate the production of prostaglandins by macrophages and prostaglandins have been observed to induce quiescent CFU-S into cell cycle (19) .
To determine if PMA-induced prostaglandin production was The nonadherent cells were then harvested for assay of day 11 CFU-S. The data represent the mean±SEM. Spleen colony formation was significantly greater in the presence of PMA at 2.0 (P < 0.05), 20 (P < 0.005), and 200 U/ml (P < 0.005).
responsible for the enhanced in vitro survival of day 11 CFU-S, we examined the effect of PMA in the presence of indomethacin, an inhibitor of prostaglandin synthesis (20). As shown in Table IV , indomethacin did not diminish the effect of either PMA or IL 3 on day 11 CFU-S proliferation in vitro.
CFU-S are heterogenous with respect to their capacity for self-renewal and marrow repopulation (21) . To determine whether tumor-promoting phorbol esters were interacting with CFU-S with self-renewal capacity, we examined the effect of PMA on marrow cells from mice treated with 5-fluorouracil (5-FU) (21) or on marrow treated with merocyanine 540 (MC 540) and exposure to light (22) . As shown in Table V , PMA not only supported the in vitro survival of day 1 1 CFU-S from the marrow of mice treated with 5-FU, it also enhanced the effect of IL 3 on these cells. Interestingly, the effect of either PMA (10-6 M) or IL 3 (20 U/ml) appeared to be equivalent when examined separately, in contrast to the situation with untreated marrow cells (Fig. 2) . More importantly, when marrow purged by exposure to MC 540 and light was used as the source of target cells, twice the number of day 11 CFU-S was recovered after a 72-h period of incubation in presence of PMA (10-6 M) than with IL 3 (20 U/ml) ( Table V) . The difference in sensitivity between untreated marrow and MC 540-treated marrow to the trophic effects of PMA was particularly evident when the dose of PMA was varied. As shown in Fig. 5 , the PMA dose-response curve for CFU-S survival in vitro using untreated marrow cells was flat over a 1,000-fold difference in PMA concentration. By contrast, when MC 540-treated marrow cells were used, a concentration-dependent increase in sensitivity to PMA was observed.
To determine whether phorbol esters promoted the in vitro survival of day 11 CFU-S by inducing the production of IL 3 from marrow accessory cells, we examined the effect of a neutralizing rabbit antiserum to IL 3 on the in vitro interaction of PMA and day 11 CFU-S. As shown in Table VI , neither normal rabbit serum nor a 1:100 dilution of the neutralizing rabbit IL 3 antiserum inhibited the proliferation of day 11 CFU-S in the presence ofPMA. By contrast, this same dilution ofIL 3 antiserum inhibited the proliferation of day 11 CFU-S in the presence of IL 3 by 60%.
To determine if the interaction of phorbol esters with day 11 CFU-S was mediated by protein kinase activation, we examined the effect of the protein kinase inhibitor H-7 on this interaction. As shown in Table VII , H-7, at a concentration of 10 ,M, completely inhibited the stimulation of day II CFU-S proliferation by PMA. This concentration of H-7 also inhibited the effect ofa 20 U/ml concentration ofIL 3 by 60%. That the number of day 11 CFU-S was not reduced to less than the baseline level indicates that the suppressive effect of H-7 was not a consequence of nonspecific toxicity.
Because PMA could not promote the in vitro survival of day 1 1 CFU-S at very low concentrations of FCS, it was possible that the phorbol ester might be potentiating the effect of other growth factors present in FCS. To study this issue with Marrow cells were incubated in vitro for 45 min with 15 sg/ml MC-540 in the presence of light and then cultured in RPMI medium and 10% FCS with the additions described above for 72 h before harvesting for assay of day I I CFR-S. GM-CSF (100 U/ml) 90±31t Erythropoietin (2 U/ml) 165±22* G-CSF (500 U/ml) 300±41 § IL 3 (20 U/ml) 305±30 § PMA (10-7 M) 345±27 § G-CSF (500 U/ml) + PMA (10-7 M) 440±22" G-CSF (500 U/ml) + IL 3 (20 U/ml) 510±35" * Mean±SEM.
Not significantly different from no additions.
5Significantly different from no additions (P < 0.001). "Significantly different from either 20 U/ml IL 3 or IO-' M PMA alone (P < 0.01). Marrow cells were cultured in vitro in RPMI and 10% FCS with additions to the cultures as described above. After 72 h, the cells were harvested for assay of day 11 CFU-S.
respect to hematopoietic growth factors, we examined the effect of exogenous pure mouse GM-CSF, pure recombinant G-CSF, and pure recombinant erythropoietin on the in vitro survival of day 11 CFU-S. The concentrations of these factors used was based on the optimal concentration for the in vitro proliferation of their respective target cells. As shown in Table  VIII , G-CSF enhanced the in vitro survival of day 11 CFU-S, whereas GM-CSF and erythropoietin did not. G-CSF also stimulated the proliferation ofMC 540-treated marrow cells in the same fashion as IL 3 (290±20 CFU-S/106 cultured marrow cells as compared with 195±25 CFU-S in its absence, P < 0.02). Furthermore, not only was the effect ofG-CSF on day 11 CFU-S survival similar to that of IL 3, but the combined effects ofG-CSF and PMA, and G-CSF and IL 3 on the day 11 CFU-S were equivalent (Table VIII) , suggesting that the same target cell population was involved.
Discussion
The mechanisms governing the proliferation of CFU-S are not well understood, but recently it was demonstrated that IL 3 supports the proliferation of these cells in vitro (10) . In this study, we examined interaction of tumor-promoting phorbol esters on the in vitro survival of CFU-S and the effect of these agents on the interaction between IL 3 and CFU-S in vitro. This approach was chosen for three reasons. First, tumor-promoting phorbol esters have the same target cell specificity as IL 3 with respect to hematopoietic progenitor cells in in vitro clonal assays (6-9), but their effect on CFU-S has not been examined. Second, tumor-promoting phorbol esters are chemically well-defined molecules that activate protein kinase C (23) and it has recently been demonstrated that IL 3 also activates protein kinase C in its target cells (24) . Third, both we and others have recently demonstrated that tumor-promoting phorbol esters support the in vitro proliferation of IL 3-dependent cell lines in serum-free medium in the absence of the lymphokine (25, 26) , suggesting that the phorbol esters and IL 3 share a common mechanism of action, at least with respect to certain cell types.
To study the effect of the phorbol esters on day 11 CFU-S, we used a short-term in vitro culture system without an established adherent layer in which the survival of pluripotent hematopoietic stem cells is restricted in the absence of IL 3 (10) . Even in the presence ofthe lymphokine in this system, there is an initial decline in CFU-S number, suggesting, as has been observed by Suda et al., using an in vitro clonal assay, that the role of the IL 3 in enhancing the proliferation of CFU-S is a permissive one (27) .
Although the inert parent alcohol phorbol, and therefore its vehicle, had no effect on the in vitro survival of day 11 CFU-S, active tumor promotors such as PMA or PDBu enhanced the in vitro survival of these cells. The effect of PMA was remarkably like that of IL 3, although restricted in its extent. Neither agent, although present continuously at high concentrations, completely prevented the initial decline both in cell number and CFU-S recovery during the first 48 h of incubation, which characterizes the behavior of marrow cells cultured in vitro in RPMI medium and 10% FCS. Thereafter, both cell number and CFU-S recovery increased, although the increments were lower and not sustained for the phorbol esters. Indeed, with freshly explanted marrow, a concentration-dependent effect of PMA on day 11 CFU-S survival was not apparent.
Like IL 3, PMA enhanced the in vitro survival of day 11 CFU-S in marrow obtained from mice treated with 5-FU or from marrow cells exposed to MC 540 and light, treatments that are known to selectively spare CFU-S with self-renewal and marrow repopulating ability (21, 22) . Whereas the response of 5-FU-treated marrow cells to PMA was not significantly different from that observed with untreated cells, the response of MC 540-treated marrow cells was dramatic. Indeed, PMA was more active than IL 3 and a clear concentration-dependent effect was observed. This suggests that the blunted response observed with untreated marrow may reflect either dilution of the target cell pool or a summation of the effects of PMA on different marrow cell populations.
The interaction of PMA with day 11 CFU-S was not mediated by prostaglandins, as indomethacin did not inhibit it, nor was stimulation of endogenous IL 3 production involved, as demonstrated by the experiment using a neutralizing antiserum to IL 3. Furthermore, the phorbol esters appeared not to be acting through stimulation of adherent cells, since day 11 CFU-S were not recovered from this population in excess of that expected from endogenous spleen colony formation alone and replating did not diminish the effect of PMA or PDBu. Recently, Kerk et al., using different culture conditions, described an adherent murine marrow cell population with in vivo repopulating ability (28) . Whether the CFU-S population we describe and that described by Kerk et al. are similar remains to be determined.
Exposure ofmarrow cells simultaneously to both PMA and IL 3 resulted in an increment in the number of day 11 CFU-S recovered but the effect was essentially additive, never synergistic, and not observed at low concentrations of IL 3. However, as little as 1 h of exposure to PDBu was sufficient to enhance the effect of IL 3 and the replating involved did not diminish the effect of the phorbol esters. It seems unlikely, therefore, that the phorbol esters were acting through an accessory cell population.
Although a high concentration of FCS was not required for potentiation of the effect of IL 3 by PMA, the phorbol esters alone had no effect on day 11 CFU-S in a low concentration of FCS. This suggests that their interaction with CFU-S required the presence of other factors. PMA binds to proteins in FCS and such binding might facilitate interactions with its target cells. Alternatively, protein binding might serve to reduce nonspecific toxicity due to this agent.
Because phorbol esters are known to enhance the effect of growth factors such as GM-CSF (8, 29) , and FCS, which contains these factors, was required for PMA activity, we examined the effect of purified GM-CSF, G-CSF, and erythropoietin on the in vitro survival of day 11 CFU-S. Ofthese, a significant response was obtained only with G-CSF. This is the first identification of a hematopoietic growth factor other than IL 3 that enhances the in vitro survival of CFU-S. Our data also indicate that the effects of G-CSF, PMA, and IL 3 on day 11 CFU-S survival were equivalent. Because the combination of G-CSF and PMA yielded more colonies than either did separately, it is unlikely that PMA alone acted merely to potentiate the effect of trace amounts of G-CSF or other growth factors present in the FCS.
That G-CSF promoted the in vitro survival of day 11 CFU-S was unexpected, since this growth factor was previously reported to be restricted in its ability to sustain the proliferation of multipotent hematopoietic progenitor cells in vitro (30) . However, the ability of a hematopoietic growth factor not solely derived from lymphocytes to regulate the proliferation of CFU-S adds a new dimension to their physiology and could explain the observation that endotoxin enhances endogenous spleen colony formation (31) .
Protein kinase activation appeared to be involved in the interaction of both phorbol esters and IL 3 with day 11 CFU-S since the isoquinoline sulfonylpiperazine, H-7, a potent protein kinase C inhibitor (Ki = 6 ,M) (32), suppressed the stimulation of day 11 CFU-S proliferation by both. As H-7 also inhibits cycle nucleotide-dependent protein kinases (32) , the exact kinases involved in this instance cannot be stated with certainty. Nevertheless, since both phorbol esters and IL 3 are known to activate protein kinase C in their target cells, it seems likely that activation of this kinase was involved in the interaction of these agents with day 11 CFU-S.
Together, the data presented indicate that tumor-promoting phorbol esters enhance the in vitro survival ofCFU-S. Like IL 3, their effect appears to be a permissive one, involves stem cells with marrow repopulating ability, does not require accessory cells and protein kinase activation appears to be involved. Tumor-promoting phorbol esters should prove useful in investigating the proliferative behavior of CFU-S.
